The invasion of polarized epithelial cells by Salmonella enterica requires the cooperative activity of the Salmonella pathogenicity island 1 (SPI1)-encoded type III secretion system (T3SS) and the SPI4-encoded adhesin SiiE. The invasion of polarized cells is more efficient than that of nonpolarized cells, and we observed the formation of clusters of bacteria on infected cells. Here we demonstrate that the invasion of polarized cells is a highly cooperative activity. Using a novel live-cell imaging approach, we visualized the cooperative entry of multiple bacteria into ruffles induced on the apical surfaces of polarized cells. The induction of membrane ruffles by activity of Salmonella enables otherwise noninvasive mutant strains to enter polarized host cells. Bacterial motility and chemotaxis were of lower importance for cooperativity in polarized-cell invasion. We propose that cooperative invasion is a key factor for the very efficient entry into polarized cells and a factor contributing to epithelial damage and intestinal inflammation.
The invasion of polarized epithelial cells by Salmonella enterica requires the cooperative activity of the Salmonella pathogenicity island 1 (SPI1)-encoded type III secretion system (T3SS) and the SPI4-encoded adhesin SiiE. The invasion of polarized cells is more efficient than that of nonpolarized cells, and we observed the formation of clusters of bacteria on infected cells. Here we demonstrate that the invasion of polarized cells is a highly cooperative activity. Using a novel live-cell imaging approach, we visualized the cooperative entry of multiple bacteria into ruffles induced on the apical surfaces of polarized cells. The induction of membrane ruffles by activity of Salmonella enables otherwise noninvasive mutant strains to enter polarized host cells. Bacterial motility and chemotaxis were of lower importance for cooperativity in polarized-cell invasion. We propose that cooperative invasion is a key factor for the very efficient entry into polarized cells and a factor contributing to epithelial damage and intestinal inflammation.
P
olarized epithelial cells in the intestinal layer form an efficient barrier to protect the sterile host tissue against the entry of microbes from the rich intestinal flora. Sophisticated virulence mechanisms are required for food-borne pathogens to overcome this intestinal barrier (1) . Salmonella enterica is an important Gram-negative pathogen with the ability to cause self-limiting gastroenteritis as well as the systemic infection typhoid fever (reviewed in reference 2). Entry of S. enterica into epithelial cells is an important virulence trait and may initiate the intracellular lifestyle, the spread to other organs (3, 4) , and intestinal inflammation (5, 6) . Salmonella deploys a trigger mechanism to induce a macropinocytosis-related process in nonphagocytic cells such as enterocytes. Effector proteins translocated by the Salmonella pathogenicity island 1 (SPI1)-encoded type III secretion system (T3SS) control the invasion process, and the contribution of the various effector proteins to the manipulation of the host cell actin cytoskeleton is well characterized (7) . A subset of effector proteins of the SPI1 T3SS takes control of the host actin cytoskeleton, with SipA and SipC acting as direct nucleators of actin (8, 9) and SopE and SopE2 functioning as guanine nucleotide exchange factors (GEFs) for CDC42 and Rac (10) . A further effector, SopB, has phosphoinositide phosphatase activity affecting the surface charge of the Salmonellacontaining vacuole during the intracellular phase (11) and indirectly activates Rho GTPases (12) . SPI1 T3SS-mediated invasion allows entry into various types of nonphagocytic cells but also triggers rapid cell death or pyroptosis in phagocytes (13) . Additional and alternative SPI1 T3SS-independent entry mechanisms have recently been described (reviewed in reference 14); however, the SPI1 T3SS-mediated process appears to be the dominant mode of entry into nonphagocytic cells.
The dynamics of Salmonella invasion of nonpolarized cells have been studied in some detail (15) (16) (17) . Recent time-resolved analyses of invasion by Salmonella using nonpolarized-epithelialcell models suggested that near-surface swimming and collision with mitotic cells are important for target cell selection (18) . Other authors proposed plasma membrane cholesterol as a critical parameter for target cell selection (19) .
While most of the analyses of SPI1 T3SS-mediated invasion have been performed using nonpolarized-cell-culture models, oral infection of host organisms by S. enterica clearly results in more complex interactions, for example, with polarized enterocytes of the intestinal mucosa. Some features of the tissue architecture of the intestinal epithelium can be mimicked by polarizedepithelial-cell-culture models (20) , and these models are valuable tools to study Salmonella virulence functions. Our recent investigations of the interaction of Salmonella with polarized epithelial cells revealed the requirement for additional virulence factors and distinct dynamics of the invasion process. One example is the role of the giant adhesin SiiE, the substrate of the SPI4-encoded type I secretion system (SPI4 T1SS) (21) . Without the function of the SPI4 T1SS or SiiE, Salmonella is highly reduced in adhesion to and subsequent invasion of polarized epithelial cells, while SPI4 T1SS and SiiE functions are entirely redundant for the invasion of nonpolarized epithelial cells (22) . We also determined that the efficiency of invasion of polarized cells is much higher than for nonpolarized epithelial cells (23) , while intracellular proliferation of Salmonella in these cells appeared to be low.
These differences in the interaction of Salmonella with epithelial cells in different cell culture models prompted us to analyze the dynamics of invasion of polarized cells by Salmonella in detail. Here we report that invasion of polarized cells is amplified after initiation of membrane ruffling. The massive alteration of the apical membrane allows efficient entry of additional Salmonella, including strains that are otherwise unable to invade polarized cells.
We also used a new model that allowed us to follow actin dynamics during infection of polarized cells in a time-resolved fashion.
MATERIALS AND METHODS
Bacterial strains and culture conditions. For the experiments described here, Salmonella enterica serovar Typhimurium strain SL1344 was the wild-type strain and mutant strains were isogenic to SL1344. Characteristics of strains used in this study are listed in Table 1 . Mutant strains deficient in fliI, cheY, or cheZ were generated in the strain background of S. enterica serovar Typhimurium NCTC12023 using Red recombinase-mediated allelic exchange basically as described before (26) , using pKD13 as the template for amplification with the oligonucleotides listed in Table 2 . Proper deletions in kanamycin-resistant mutant clones were confirmed using the check primers listed in Table 2 , and motility or chemotaxis defects were analyzed using swim plate assays. Confirmed mutant alleles were subsequently moved into SL1344 using P22 transduction (27) . If required for live-cell imaging, strains harboring pFPV25.1 or pWRG435 for constitutive expression of enhanced green fluorescent protein (eGFP) or red fluorescent protein (Tag-RFP) were used.
Bacteria were routinely cultured in LB broth or on LB agar containing kanamycin or carbenicillin at 50 g ml Ϫ1 if required for selection of markers.
Cell lines and culture conditions. The canine polarized kidney epithelial cell line MDCK was cultured as described before (22) . Under our culture conditions, MDCK cells formed a polarized monolayer, as revealed by the formation of an apical brush border and continuous cell contacts by tight junctions. For control experiments with nonpolarized cells, the human epithelioid cell line HeLa was used as described before. For quantification of invasion by Salmonella strains, cell lines were routinely cultured in 24-well cell culture-treated multiwell plates. For imaging of infection, cells were cultured on glass coverslips for subsequent fixation and staining, or in glass-bottom chamber slides (Nunc) for livecell imaging.
In order to follow Salmonella-induced actin remodeling in living host cells, we generated an MDCK cell line constitutively expressing LifeAct as fluorescent marker for F-actin. Briefly, 5.0 ϫ 10 5 MDCK cells were seeded in a petri dish 24 h before transfection. Ten micrograms of plasmid DNA of LifeAct-EGFP (28) was dissolved in 63 l of 2 M CaCl 2 . To this solution, 500 l of HGBS (280 mM NaCl, 10 mM KCl, 1.5 mM Na 2 HPO 4 , 12 mM dextrose, 50 mM HEPES; pH 7.05) was added slowly during strong stirring. DNA was precipitated during incubation on ice for 20 min. Fifty microliters of this solution was added dropwise into the cell culture. Thereafter, transfected cells were incubated for 6 h at 37°C at 5.0% CO 2 . Finally, medium containing 100 g ml Ϫ1 Geneticin (Gibco, Life Technologies, Germany) was added. Medium was changed daily until confluence of the cell layer was reached. At this stage, clones were seeded at densities of 5.0 ϫ 10 4 to 1 ϫ 10 6 cells per 90-mm petri dish, and the Geneticin concentration was increased to 150 g ml Ϫ1 . Clone K4 showed 100% LifeAct-GFP expressing cells and retained the typical morphology of MDCK cells, and the infection rates were similar to the nontransfected cells (see Fig. S1 in the supplemental material). Thus, clone K4 was used for subsequent analyses.
Infection experiments. Bacterial strains were cultured in borosilicate glass test tubes with aeration by agitation on a roller drum. Overnight cultures were diluted 1:31 and subcultured in LB broth for 3.5 h for maximal invasiveness. The cultures were diluted to an optical density at 600 nm (OD 600 ) of 0.2, and aliquots of this suspension were used to infect host cells with the indicated multiplicity of infection (MOI) for 30 min. Infection was performed without centrifugation if not otherwise indicated. After incubation for various periods of time, noninternalized bacteria were removed by washing, and the remaining extracellular bacteria were killed by the addition of 100 g ml Ϫ1 gentamicin and incubation for 1 h. The conditions for sequential infections are described in figure legends below (see Fig. 4 to 7) .
For the quantification of internalization, infected cells were washed three times with phosphate-buffered saline (PBS), and lysed by addition of 0.5% deoxycholate in PBS. Internalized bacteria were quantified by plating lysates and inoculum onto agar plates. For sequential-infection experiments, equal amounts of the lysates were plated onto agar plates containing antibiotics selective for strain A or strain B. Statistical analyses were performed using SigmaPlot 11.2.
Microscopy and image analyses. Imaging of fixed samples was performed on a wide-field microscope system, either Axiovert 200M using Neofluar 100ϫ with a 1.30 numerical aperture (NA) or Plan-Apochromat 63ϫ with 1.40 NA objectives (Zeiss). Images were acquired and further processed using AxioVision software (Zeiss).
Live-cell imaging was performed using a CellObserver microscopy system (Zeiss, Germany) equipped with Yokogawa spinning disc (SD) unit. Z stacks were acquired at maximal speed with intervals of 100 to 200 ms at distances between Z planes of 0.30 to 0.35 m. Acquisitions were performed with a 63ϫ water immersion objective with a numerical aperture of 1.333 and recorded with either a cooled charge-coupled device This study (CCD) camera (CoolSnap HQ 2 ; Photometrics) with a chip of 1,040 by 1,392 pixels for high spatial resolution. Acquisition and processing of the time-lapse images were performed with ZEN 2011 (Zeiss). Images were deconvolved by Huygens V.4.2 (SVI; Hilversum, The Netherlands) using a theoretical point spread function (PSF). Bleaching and Z drift were also corrected with Huygens.
Atomic force microscopy (AFM). AFM measurements were conducted using the NanoWizard II AFM system (JPK Instruments AG, Berlin, Germany). High-resolution surface images were acquired by operating the AFM under ambient conditions in soft-contact mode using silicon nitride AFM probes with a nominal force constant of 0.06 N/m (SiNi; Budget Sensors, Wetzlar, Germany).
For AFM analyses, MDCK cells were infected with strain ⌬5 (mutant strain lacking 5 effector genes, sipA, sopA, sopB, sopE, and sopE2) at an MOI of 50, fixed with 3% paraformaldehyde (PFA) 25 min postinfection (p.i.), and immediately used.
False-color height images were polynomial fitted and unsharpened mask filtered using JPK data processing software (JPK Instruments AG). Salmonella cells were pseudocolored using Corel Photo-Paint X5 software.
RESULTS

Salmonella forms clusters during invasion of polarized cells.
We previously investigated the interaction of Salmonella with polar- ized epithelial cells. In contrast to nonpolarized epithelial cells, highly increased levels of invasion were observed for the polarized epithelial cell lines MDCK, Caco-2, and T84 (22, 23) . The microscopic investigation of infected polarized cells indicated that the high rates of invasion are also correlated to the formation of clusters of bacteria on individual host cells as well as intracellular microcolonies after internalization. We set out to investigate the mechanisms underlying the high rate of internalization and formation of microcolonies.
We followed the infection of polarized MDCK cells from the apical side by WT Salmonella (Fig. 1 ). Cells were fixed at various time points after the addition of the bacterial inoculum, and F-actin was visualized (Fig. 1A) . F-actin-rich membrane ruffles were observed as early as 2 min postinfection (p.i.). These ruffles were mostly associated with a single bacterial cell. At 10 min p.i., the diameters of many membrane ruffles were increased, and many of the ruffles were associated with two or more bacteria. At 25 min p.i., membrane ruffles were highly reduced. F-actin-rich condensations were lost; however, the distribution of F-actin was different from that observed on the apical side of cells prior to invasion. The bacteria were mostly found in clusters. At later time points, such as 60 min p.i., F-actin-rich condensations were no longer visible, and F-actin staining was observed only at the cell-to-cell contacts. Most of the infected cells were associated with clusters of 5 or more bacteria.
We next quantified the frequency and size of events of bacterium-host cell interactions at various time points after infection (Fig. 1B) . At 2 min p.i., most infected cells were associated with single bacteria. Clusters of 2 to 10 bacteria appeared from 10 min p.i. At 15 min p.i., we observed the appearance of larger clusters of bacteria with 11 or more bacteria associated with a single host cell. The number of these large clusters remained relatively constant at 60 min p.i., but a strong increase in smaller clusters of 2 to 10 bacteria was also evident at this time point.
We tested whether clustering of the bacteria is the result of a specific distribution pattern of ligands for adhesins of Salmonella or a result of the invasion process. The distributions of the WT, SPI1 T3SS-and SPI4 T1SS-deficient strains, and a SPI1 T3SS-and SPI1 T3SS-proficient noninvasive mutant strain on the apical side of MDCK were compared. For the latter, strain ⌬5 with a deletion of the SPI1 T3SS effector genes sipA, sopA, sopB, sopE, and sopE2 was used. To directly visualize the distribution of surface-attached bacteria, surface topographies were scanned by atomic force microscopy (AFM) (Fig. 2) . Frequent events of invasion this prominent membrane ruffles were observed for WT-infected cells, as well as formation of clusters of bacteria. No adherent bacteria were observed for the SPI4 strain, and few cell-associated bacteria were found for the SPI1 strain. Membrane ruffles were completely absent if cells were infected with strain ⌬5. The adherent bacteria showed a random distribution, and only a few cells had a larger number of bacteria associated with the apical side (Fig. 2) . We thus conclude that the biased distribution of Salmonella on polarized epithelial cells is a consequence of SPI1-mediated invasion process.
Salmonella bacteria preferentially infect polarized cells at sites of ongoing invasion. In order to follow the dynamics of interaction of Salmonella with polarized epithelial cells, we deployed a novel infection model. MDCK cells were permanently transfected with a construct for the expression of LifeAct-GFP, which allows the visualization of F-actin formation and actin cytoskeleton dynamics in living cells. A MDCK clone was selected that stably expressed LifeAct-GFP and showed Salmonella adhesion and invasion to the same extent as the parental cell line (see Fig. S1 in the supplemental material). The MDCK LifeAct-GFP cells were used for infection experiments with spinning-disk microscopy for imaging with high spatial and temporal resolution ( Fig. 3 ; see also Movie S1 in the supplemental material). Live-cell analyses enabled us to trace individual events of bacterium-host cell interactions. The contact of single Salmonella cells with the apical side resulted in rapid induction of membrane ruffles (Fig.  3) , coinciding with the massive remodeling of the apical surface and the loss of the brush border. This was followed by a rapid accumulation of further bacteria at the same position. As shown in Fig. 1 , host cells were either associated with a high number of bacteria or entirely devoid of adherent or invading Salmonella organisms. After an infection period of 30 min, only in very few cases were host cells with single bacteria observed. Following the fate of such infected cells, we found that the formation of clusters of bacteria was always linked to the initiation of ruffles, and we did not observe bacterial clusters in areas that had no previous ruffle formation.
Since the generation time of Salmonella is about 30 min in the cell culture media used, we anticipate that the formation of the bacterial clusters is a function of the adhesion and invasion process and only to a minor extent the result of replication. In the example shown in Fig. 3 and in Movie S1 in the supplemental material, only the first invading Salmonella organisms showed cell division, and the clusters were formed by individual bacteria en- tering the site of ruffle formation. Based on this investigation, it appears that ruffle formation from initial infection events can promote subsequent infections at the same site.
Salmonella invades polarized epithelial cells in a cooperative manner. We recently showed that the adhesion to and invasion of polarized epithelial cells requires the cooperative function both of the SPI1 T3SS and the SPI4 T1SS (22) . The observed clustering and infection dynamics indicated that invasion is amplified if membrane ruffling is triggered by an initial invasion event. We speculated that such membrane ruffles may also be used for entry of mutant strains that are otherwise unable to invade polarized epithelial cells. To test this hypothesis, we performed sequential infection experiments (Fig. 4) . Epithelial cells were subjected to a first round of infection with WT Salmonella. After a washing to remove noninternalized bacteria, a second infection was performed with WT, SPI1-deficient, or SPI4-deficient strains. Noninternalized bacteria were removed by washing, and the remaining bacteria were killed by the addition of gentamicin (Fig. 4A) .
The number of internalized, gentamicin-protected bacteria in MDCK cells was determined by plating cell lysates onto agar plates with antibiotics selective for either WT or mutant strains. As a control, the same experimental setting was used for the infection of nonpolarized HeLa cells.
Single-infection experiments with WT, SPI1, and SPI4 strains showed high rates of internalization of the WT strain, while internalization of SPI1 and SPI4 strains was reduced by 4 and 2 orders of magnitude compared to the WT, respectively (Fig. 4B) . These data were in accordance with our previous observations for the invasion of polarized epithelial cells by Salmonella (22, 23) . If sequential invasion was performed with the WT strain following initial invasion by the WT, no significant difference in invasion was observed for polarized cells. The preinfection by WT followed by an infection with an SPI1 strain resulted in an about 113-fold increase of internalization of the SPI1 strain, although the numbers of intracellular bacteria were still very low. Prior infection of cells with the WT resulted in a Ͼ28-fold increase in uptake of the expressing Tag-RFP (red) at an MOI of 50 without centrifugation. The infection was analyzed by a Cell Observer SD microscopy system equipped with live-cell periphery (Zeiss). Z stacks were recorded every 10 s over a period of 30 min. Z stacks were assembled in Imaris, and projections are shown as indicated at 80% or 2.5% opacity of the GFP channel. The 2.5% opacity setting was used to visualize (partially) internalized bacteria and to label invading bacteria. Orthogonal projections are shown in the xy, yz, and xz planes, as indicated. The time stamp is in minutes and seconds. The corresponding time-lapse sequence is shown in Movie S1 in the supplemental material. SPI4 strain, and the absolute amounts of internalized bacteria were about 10-fold below that of the WT strain (Fig. 4B) . In infection experiments with nonpolarized HeLa cells, rates of uptake also increased after sequential infection but to a much lower extent than for polarized cells (Fig. 4C) . Here, prior invasion with the WT strain increased the subsequent invasion of WT or SPI1 strains by a factor of 3. SPI4-mediated adhesion is not required for polarized-cell invasion, and no amplification of invasion of the SPI4-deficient strain was observed (Fig. 4C) . The data suggest that the initial infection event triggered by WT Salmonella is able to partially restore the infection efficiently in SPI1-or SPI4-deficient strains, presumably by facilitating entry into the host cells.
To visualize this process, we conducted subsequent experiments in which each strain was tagged either by GFP or Tag-RFP (Fig. 5) . In experiments in which WT Salmonella bacteria were applied in the first as well as the second infection, bacterial cell clusters were composed randomly of either one of the strains or mixtures of both. If a combination of the WT plus the SPI1 strain or the WT plus the SPI4 strain was applied, we frequently found mixed clusters but very rarely events of invasion of SPI1 or SPI4 strains without an association with invading WT bacteria. These observations are in line with a cooperative invasion mechanism, with initial ruffle induction being triggered by WT Salmonella, enabling noninvasive strains to enter polarized epithelial cells.
The formation of membrane ruffles is a highly dynamic process, and Salmonella effectors trigger actin rearrangements underlying membrane ruffles and also control their termination, restoring the normal cytoskeleton architecture (29) . If polarized-cell invasion is amplified by Salmonella-induced membrane ruffles, we anticipate that this effect is time dependent and restricted to the phase of most pronounced membrane ruffling. We performed sequential infection experiments without and with an interval of 60 min between the first and second infection (Fig. 6A) . Data shown in Fig. 1 and live-cell imaging (data not shown) indicated that 60 min was sufficient to terminate ruffle formation and to restore the normal architecture of the apical side of polarized cells. Comparison of invasion rates in sequential infections showed that amplification of invasion was ablated if a second infection was performed with an interval of 60 min after the first invasion. To further analyze the kinetics of the amplification, sequential invasion of WT and SPI4 strains was performed with different intervals between the first and second infections (Fig. 6B) . Amplification of invasion was observed with intervals of 0 and 15 min but was reduced if the interval between first and second invasion was 30 min or longer. Next, we varied the number of WT Salmonella cells for the first infection from an MOI of 1 to an MOI of 50, followed by a second infection with the SPI4 strain at an MOI of 5 (Fig. 6C) . Only a small increase in internalized SPI4-deficient Sal- Single and sequential infections were performed without centrifugation. After incubation for 25 min, noninternalized bacteria were removed by washing, and the remaining cells were killed by the addition of gentamicin. Subsequently, host cells were lysed by addition of PBS containing 0.5% deoxycholate, and numbers of internalized bacteria were determined by plating on agar plates containing antibiotics selective for either the strain of the first infection or the strain of the second infection. Means and standard deviations for triplicates are shown, and the data are representative of three independent experiments. Statistical analyses were performed by one-way analysis of variance (ANOVA): n.s., not significant; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. monella bacteria was observed with increasing MOI of the first infection, indicating that cooperative invasion can occur at a low number of invasion events.
Bacterial motility and chemotaxis are not required for cooperative invasion. Previous work on invasion dynamics in a nonpolarized-cell model suggested a role of near-surface swimming for target selection and triggering of entry (18) . We generated mutant strains deficient in flagellum assembly (fliI) or in chemotaxis (cheY, cheZ). Invasion of polarized cells by WT, SPI1-deficient, and SPI4-deficient strains was compared to that by fliI-, cheY-, and cheZ-deficient strains (Fig. 7) . We first tested the contribution of motility in our model of sequential invasion. The fliI and cheZ strains were slightly reduced in invasion of MDCK cells, while invasion of the cheY strain was similar to WT levels (Fig. 7A) . In contrast to SPI1 and SPI4 mutant strains, internalization of fliI, cheY, and cheZ strains was not increased by prior infection of MDCK cells with WT Salmonella. Invasion of nonpolarized cells by SPI1, fliI, and cheZ strains was highly reduced, while invasion by SPI4 and cheY strains was similar to that of the WT (Fig. 7B) . Prior infection by WT Salmonella leads to slightly increased internalization of SPI1, fliI, and cheZ mutant strains. The flagellummediated motility is likely to increase the frequency of bacteriumto-host cell contacts, and we anticipated that this feature, in part, could be mimicked by cell contacts triggered by centrifugation of the bacterial inoculum. Centrifugation did not restore the invasion defects of SPI1-or SPI4-deficient strains in MDCK cells and did not lead to detectable increase of the invasion rates of the WT strain (Fig. 7C) . Centrifugation restored invasion of the fliI strain to WT levels, while a minor increase of invasion rates was observed for cheZ and cheY strains. Single and sequential infections of MDCK cells were performed as described for Fig. 4 . The second infection with SPI1-or SPI4-deficient Salmonella was either performed directly after the washing step to remove WT cells from the first infection (black bars) or with a delay of 60 min after the washing step (hatched bars). White bars indicate the rate of internalization of SPI1-or SPI4-deficient Salmonella in single infections. (B) Sequential infection by WT (MOI, 1) and SPI4-deficient (MOI, 5) strains was performed as described for panel A, and the time interval between the first and second infection was varied as indicated. The amounts of internalized SPI4-deficient Salmonella are shown. Means and standard deviations of triplicate assays are shown, and the data are representative of three independent experiments. (C) Sequential infections were performed by first infection with WT Salmonella at various MOIs as indicated, and second infection with the SPI4 strain at an MOI of 5. Statistical significances between single and sequential infections (A), direct versus delayed infection (B), or an MOI of 1 versus a higher MOI (C) were analyzed by one-way ANOVA: n.s., not significant; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
Sequential-invasion experiments showed that initial invasion with WT Salmonella did not result in increased invasion of polarized cells by flagellum-or chemotaxis-deficient mutant strains. Interestingly, invasion of nonpolarized cells by the fliI strain was highly reduced, and prior infection with WT Salmonella resulted in increased internalization of the fliI strain. These results indicate that bacterial motility is of minor importance for interaction of Salmonella with host cells in a polarized-epithelial-cell model.
DISCUSSION
We investigated the dynamic interaction of Salmonella enterica with monolayers of polarized epithelial cells. This infection model more closely resembles the tissue organization of the intestinal epithelium, and we anticipated that penetration of polarized-cell monolayers would require the ability to destroy the barrier functions. While analyzing the invasion of polarized epithelial cells by Salmonella, we observed striking differences relative to the commonly used infection model of nonpolarized epithelial cells. Polarized cells were preferentially invaded in a cooperative manner, i.e., the sequential entry of additional bacteria at sites where an initial invasion event took place. This mechanism resulted in formation of clusters of bacteria on individual cells. Furthermore, cooperation increased entry of Salmonella strains that are otherwise unable to invade if host cells have been subjected to an initial event of invasion.
The dynamics of the infection process suggests that invasion is strongly promoted if membrane ruffles are already initiated on individual host cells. An initial invasion event by an adhesive and invasive bacterium promotes the binding and subsequent uptake of a large number of further bacteria, regardless of their ability to adhere to and invade polarized cells. This model is depicted in Fig.  8 . We propose that membrane ruffles induced by initially invading bacteria result in a massive disturbance of the apical surface, leading to increased frequency of contacts between luminal Salmonella and host cells. The dense array of microvilli on the apical side represents an efficient barrier against bacterial invasion, and only a few bacteria are able to breach this barrier. Invasion by a founding bacterial invader leads to destruction of this barrier, allowing the subsequent entry of additional bacteria. The enhanced uptake of SPI1-or SPI4-deficient bacteria indicates that the requirements for virulence functions of such passenger bacteria are much lower. We define this process as cooperative invasion, with initial invaders facilitating the entry of additional bacteria. Future work is needed to reveal if this mechanism also leads in internalization of nonrelated bacteria such as intestinal microbiota. Cooperativity in host cell invasion by Salmonella has been described for nonpolarized infection models (16, 18, 30 ), but we demonstrate here that cooperativity is a much more pronounced phenomenon during infection of polarized epithelia.
Our data demonstrate significant differences between invasion dynamics of polarized and nonpolarized epithelial cells. One explanation of the divergent effects is that the host cell's surface is available for interaction with the bacteria. With nonpolarized host cells, cells are separated by areas of substrate or allowed to come into contact with one another. In contrast, a polarized epithelial cell layer consists of columnar cells in continuous tight contact with neighboring cells. The apical surface consists of a dense array of microvilli with a topology distinct from that of adherent nonpolarized cells. Once effacement of the brush border has been initiated, large amounts of plasma membrane and G-actin are replicates. Statistical significance between single and sequential infections or assays without and with centrifugation was determined by Student's t test: n.s., not significant; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. available for the generation of membrane ruffles at the apical side. This situation is specific for polarized epithelial cells and may explain why Salmonella invasion of polarized cells is more efficient than that of nonpolarized cells. While polarized-cell models more closely resemble the intestinal mucosa, additional factors, such as the glycocalyx and the secretion of mucus, are missing.
Whether similar cooperative effects during cell invasion occur under in vivo conditions is open and probably difficult to analyze. The low numbers of internalized mutant strains in the experiments shown in Fig. 4 indicate that uptake of invasion-deficient bacteria by cooperative invasion are rare events. Most likely, only a low number of infecting Salmonella cells are in contact with enterocytes, in contrast to the high MOI applied in cell culturebased assays. Furthermore, in the intestine, a large number of commensal bacteria are present in addition to the exogenous pathogen. Interestingly, the early ultrastructural analysis by Takeuchi (31) of the invasion of guinea pig intestinal epithelium by Salmonella revealed formation of bacterial clusters concomitant with brush border effacement and formation of membrane ruffles. This observation indicates that cooperativity occurs during Salmonella infection of host tissue. Currently available techniques do not allow us to follow the dynamics of invasion of the intestinal epithelium in an in vivo setting. Only a few experimental approaches are able to follow the dynamics of Salmonella interaction with enterocytes in vivo, such as the study by Müller et al. (32) . Intravital analyses of cooperativity and cluster formation demand in vivo imaging of the apical surface of the intestine, which remains a technical challenge.
What determines selective invasion of individual host cells?
One cause may be the differential surface expression of molecules acting as receptors for SiiE, the SPI1 T3SS translocon, or other bacterial adhesion factors. Despite the fact that the cells used in this study are clonal, differences in the expression of glycosylated surface molecules on MDCK cells have been previously reported (33) . We found that an adhesive but invasion-deficient strain was randomly distributed on the apical surface. Our previous analysis of the binding specificity of SiiE also did not indicate preferential binding to subpopulations of polarized cells (34) . Thus, we exclude heterogeneity in adhesion to polarized cells as a cause of the formation of clusters. Recent analyses of Salmonella invasion in nonpolarized-cell models propose that invasion preferentially occurs in mitotic host cells. This observation was explained by Santos et al. (19) by the requirement of SPI1 T3SS translocon subunit SipB for cholesterol-rich target membranes (35) . In mitotic cells, an asymmetric distribution of cholesterol with higher concentrations in the outer leaflet of the plasma membrane was detected and postulated as course for preferential binding of Salmonella (19) . An alternative explanation was provided by the work of Misselwitz et al. (18) . The tracking of Salmonella motility during infection indicated preferential near-surface swimming (NSS) and the cessation of swimming at cells with disturbances of the surface. Such disturbances can be the more elevated cell shape during mitosis or membrane ruffles due to already initiated invasion. The NSS-mediated collision of Salmonella with obstacles on host cells was given as an explanation for the association of multiple bacteria with certain nonpolarized cells (18) . Our data for the polarized-epithelial-cell model would also support the idea that cells with Salmonella- induced membrane ruffles are sites of preferential entry by additional bacteria. The analyses of various live-cell series of polarizedcell invasion did not indicate a preference of invasion of dividing cells (data not shown) and other, yet-unknown cell-individual factors to determine target site selection of the initially invading Salmonella.
Our analyses indicate only a minor contribution of motility and chemotaxis to invasion of polarized epithelial cells. In contrast, the invasion of nonpolarized cells by a nonmotile strain and a cheZ-deficient mutant was highly reduced. Flagellum-mediated motility may increase the frequency of contacts between bacteria and host cells. While the fliI strain lacks flagellum-mediated motility, the cheZ strain is motile but arrested in the tumbling mode of motility. In contrast, the cheY strain is arrested in the swimming mode of motility. Both nonmotile and tumbling-only phenotypes result in decreased frequency of contact with host cells. This lack of contact has much stronger effects in nonpolarized-cell invasion. These contact events appear to be of minor importance in polarized-cell invasion.
We observed that cooperative invasion leads to high bacterial burden of a subset of cells in a polarized epithelial layer. What are the consequences of this clustering? We have recently reported that the net replication of Salmonella in polarized epithelial cells is low and independent of SPI2 T3SS function (23) . The multiple uptake events may lead to increased loss of vesicular containment of the bacteria and release into the cytosol. High bacterial load due to cytosolic replication has reported by Knodler et al. (36) as stimulus for extrusion of cells from an epithelial layer. This phenomenon was considered a means of bacterial dissemination. Those authors also reported that extruded, Salmonella-containing cells undergo inflammatory cell death, thus contributing to intestinal inflammation (36) . Under our experimental conditions, we also observed loss of highly infected cells starting 90 to 120 min after infection, at a stage that likely is prior to increased burden due to intracellular replication (data not shown).
Cells that are subjected to cooperative invasion receive a high dose of SPI1 T3SS effector molecules during invasion, and the translocation of the effector proteins continues during the early stages of the intracellular lifestyle. Some of the SPI1 T3SS effectors and translocon proteins have been reported as inducers of caspase 1-dependent inflammatory cell death (37) . We propose that epithelial cells that are highly infected due to cooperative invasion are subject to inflammatory cell death. Cell invasion by Salmonella allows the penetration of the epithelial barrier. Recent research revealed that invasion-dependent induction of an inflammatory response is important for Salmonella to outcompete the intestinal microbiota (reviewed in references 6 and 38), by mounting a host immune defense mainly affecting the commensal microflora (39), or by providing novel nutritional supplies mainly used by Salmonella (40) . Competitive invasion of polarized cells will lead to an acceleration and amplification of these reactions, resulting in a rapid-growth benefit for infecting Salmonella in the host intestine.
We propose that cooperativity and amplification of invasion of polarized epithelial cells by Salmonella is a further community effort of this highly successful pathogen to efficiently colonize the host organism.
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